Abstract Oil palm breeding has been progressing very well in Southeast Asia, especially in Malaysia and Indonesia. Despite this progress, there are still problems due to the difficulty of controlled crossing in oil palm. Contaminated/illegitimate progeny has appeared in some breeding programs; late and failure of detection by the traditional method causes a waste of time and labor. The use of molecular markers improves the integrity of breeding programs in perennial crops such as oil palm. Four halfsib families with a total of 200 progeny were used in this study. Thirty polymorphic single locus DNA microsatellites markers were typed to identify the illegitimate individuals and to obtain the correct parental and progeny assignments by using the CERVUS and COLONY programs. Three illegitimate palms (1.5 %) were found, and 16 loci proved to be sufficient for sibship assignments without parental genotypes by using the COLONY program. The pairwise-likelihood score (PLS) method was better for half-sib family assignments than the full likelihood (FL) method.
Introduction
Oil palm is one of the most important plants for oil production compared to the other oil plants in the world, and particularly in Southeast Asia. Breeding programs started in oil palm about 100 years ago and developed stage by stage similarly to other plants to address many specific issues in the oil palm industry. Despite the long history of controlled crosses in the oil palm, errors still happen in these crosses leading to illegitimacy.
Illegitimacy is a silent factor that has a negative impact on controlled crossing in the oil palm. Illegitimacy can happen in any stage of the controlled crosses in the oil palm, from the initial stage of selecting and labeling parents, to the final stage which is the field trial (Fig. 1 ). Many factors affect the percentage of illegitimacy or contamination in oil palm breeding such as the biology of the plant (the presence of low levels of hermaphrodite flowers), human errors during pollen collection and external factors such as damage of the bags covering the flowers by animals and the environment [1] , allowing illegitimate pollination by the weevil Elaeidobius kamerunicus. The identification of illegitimate palms was very difficult before the advent of molecular technology and co-dominant markers such as microsatellites. An oil palm breeder needs to wait a few years until the palm enters reproductive stage to check for contamination using the traditional method of shell thickness assessment and comparison with its segregation pattern. However, now we can test for illegitimacy in the nursery within a few days by using microsatellites markers.
Use of molecular markers in oil palm characterization and breeding began two decades ago. Microsatellite markers are a system that is commonly used in oil palm research since its development [2] for studies such as genetic diversity [3] and QTL mapping [4, 5] . However, to the best of our knowledge there was only one report on parentage analysis in oil palm using the microsatellite markers [6] , although they are the marker of choice in studies on parental and sibship allocations and illegitimacy within plants and animals of agricultural [7, 8] and aquacultural importance [9] . This is because of their flexibility of use and unique characteristics when compared to the other molecular marker systems [10] .
In this study, we have established a procedure for detecting illegitimate palms with half-sib families of the oil palm. This procedure is essential for quality control checks in oil palm breeding programs and seed production. Four half-sib families were selected for evaluation with 30 DNA microsatellite markers using the software CERVUS [11] for parental allocation, and COLONY [12] for sibship assignment as well as illegitimacy testing.
Materials and methods

Plant material and DNA extraction
Four half-sib families were selected from controlled crosses (Dura x Pisifera), each with 50 offspring. The male parents of the Pisifera fruit type were sibs, namely FP1/10 and FP1/28; and the female parents of the Dura fruit type were FD8, FD6, FD10 and FD1/224 (Table 1) . Leaf tissue was sampled from six-month old seedling in the Federal Land Development Authority Malaysia (FELDA's) breeding and nursery station at Ulu Belitong in Kluang, Malaysia. The 200 offspring were given 'IDs' (ID1-ID200). In addition, duplicate leaves (sample IDs 24 and 74) were used as controls for the illegitimacy testing for Family-1 and Family-2, respectively.
Leaf samples from seedlings and parents were used to extract genomic DNA using the modified cetyltrimethylammonium bromide (CTAB) method [13] . DNA quality was checked by gel electrophoresis in a 1 % agarose gel, and the NanoDropH ND-1000 spectrophotometer (NanoDrop Technologies Inc) was used to measure the concentration and check the quantity of the extracted DNA.
Microsatellite genotyping
Seventy polymorphic microsatellite markers were obtained from the CIRAD ( [4] ; http://tropgenedb.cirad.fr/oilpalm/ publications.html) primer collections. PCR reaction and the conditions used were as described in [5] and were performed on a MyCycler Thermal Cycler (Bio Rad). Microsatellite amplification and genotyping for all offspring and parents was conducted as described earlier [5] . Labelled PCR products IR700 or IR800 were mixed and then separated in 6.5 % KB Plus acrylamide gel matrix (LI-COR Inc.) using a LI-COR 4300 system (LI-COR BioScience, Lincoln, NE). The allele size was detected and scored using the SAGA Generation 2 software (LI-COR Inc.) with three standards of size 50-350 bp in each gel (LI-COR Inc.). The estimated allele sizes were also manually double-checked to eliminate scoring errors.
Parentage and sibship assignments
The CERVUS program was used for allele frequency analysis, simulations and parental analysis. Simulated genotypes of 100,000 offspring with critical LOD and Delta were used. The sibship assignment was conducted using the COLONY v2.0.3.4 [12] software with and without parental genotypes. The full likelihood (FL) and the pair likelihood-score (PLS) methods were used for family assignment. The parameters for mating system were set as polygamy male and monogamy female, species monoecious because the materials used in this study are controlled crosses (Table 1) . Two modes of run length (short, medium) were conducted; the other parameters were left as default. The 0.0001 genotyping error rate was used, with differing numbers of loci, ranging from 13 to 30. Illegitimate palm and sibship assignment were detected in best (ML) configuration and half-sib dyad output, respectively. In addition, structure analysis was performed using the STRUCTURE v2.3.2 [14, 15] software to find admixed individuals and family genetic structures. The approach by Evanno et al. [16] was implemented for selecting the appropriate K clusters. Figure 2 shows the gel images of loci mEgCIR2414 and mEgCIR3543. At locus megCIR2414, the alleles of the supposed parents in the four half-sib families were not present in the offspring. For example, in Family-1, the female parent FD8 had an aa genotype, and the male parent FP1/10 had a bc genotype; but most of the offspring carried alleles not found in their assigned parents. This was also true in the other three families for the same locus. Similar results were found at locus mEgCIR3543 in Family-1, where the female parent FD8 had an ab genotype, and the male parent FP1/10 had a bb genotype; but apparently most of the offspring carried alleles not found in their assigned parents. Similar differences were found between parental and offspring alleles across most of the genotyped loci for all four studied families. Therefore, the allele scoring of the parents and their offspring were very challenging in all families at most of the loci genotyped. Subsequently, the genotypes of the supposed parents were disregarded and the segregation ratios for the offspring in each family were calculated for ten codominant microsatellite loci randomly. The results of the segregations showed Mendelian heredity for each locus in each of the four half-sib families. The manual parents-offspring genotypes comparison showed that the parental samples given by the breeders for each of the four families were in reality not the real parents of the offspring. The offspring either did not possess combination of alleles shown by the two parents or showed alleles that were not possessed by their supposedly two parents (Fig. 2) . The question then arose as to whether the offspring had been assigned wrongly to the families (Family-1, 2, 3 and 4) or the parental pairs were assigned to the wrong family groups. To obtain statistical evidence to support the manual comparison, the CERVUS software was used.
Results
Parentage assignment
Thirty microsatellite markers (Table 2) were chosen based on their high PIC values and almost absence of null allele frequency (except mEgCIR0408 and mEgCIR2595) for parentage and sib-ship assignments using CERVUS and COLONY analysis. The number of alleles ranged from three to eight, with an average of 5.86 alleles per locus. The observed heterozygosity (Ho) ranged from 0.203 to 1 in mEgCIR0408 and mEgCIR0254, and the average was 0.870. The expected heterozygosity (He) ranged from 0.548 to 0.807 in mEgCIR0804 and mEgCIR0254, and the average was 0.724. PIC ranged from 0.488 to 0.777 for the loci mEgCIR0804 and mEgCIR0254 respectively.
When parental assignments were carried out for the 200 offspring using CERVUS, 100 % assignment rates were achieved for (100,000) offspring simulated genotypes at both strict (95 %) and relaxed (85 %) levels when five loci and above were used in simulations of parental analysis using CERVUS. A negative LOD score for all parents obtained from CERVUS parental analysis (Table 3) indicates that they are not the true parents. A delta value of zero was obtained from the same analysis, which confirmed that the parental samples given by the FELDA breeders were not the true parents for these families.
Sibship assignment
Short and medium runs were carried out using the COL-ONY software with different numbers of loci for assigning the offspring of all four half-sib families without using the supposedly parental genotypes. Sixteen loci were sufficient for correct assignments using short run and PLS methods.
Mol Biol Rep (2015) 42:917-925 919 Figure 3 shows the results of relationships (Sibship) assignment from COLONY for all offsprings in this study. Half-sib relationship results inferred by COLONY analyses in two dyad and all individuals (with a probability of 1) are half-sibs. The first dyad had three probabilities, a probability of 0.425 was obtained for offspring IDs 51 and 97; a probability of 0.575 for Family-2 (offspring ID 52-100), except offspring IDs 74, and 97; and a probability of 1 for Family-1, Family-2, and Family-3, excluding offspring IDs 51 and 97. Additionally, the second dyad had three probabilities of 0.424 for offspring IDs 97 and 180; a probability of 0.575 for Family-4 (offspring ID 151-200) and offspring ID 97; a probability of 1 for all families, excluding offspring IDs 51, 97, and 180. Both dyads gave most likely correct assignment of half-sib families and are in agreement with the breeder documentation (Plant material Table 1 ), a probability of one in dyad one gave three half-sib families-1, 2 and 3, because each of their female parents were crossed with the same male parent (FP1/10). While in dyad two, all families had a probability of one as their paternal parents were sibs FP1/10 and FP1/ 28 ( Table 1 ). The same thing was true for Family-2 and 4 in both dyads for probability 0.575. PLS was most likely accurate for half-sib family reconstruction than FL when we used the same parameters and loci, because the percentages of sibship assignment in both dyads in PLS were higher than FL. One hundred percent family assignments were correctly achieved without using parental genotypes in closely related families.
The results from the best pedigree configuration (Fig. 4 ) viewed by Pedigree Viewer 6.5b by Brian and Sandy Kinghorn (http://www-personal.une.edu.au/*bkinghor/pedi gree.htm) identified the 'maternal' and 'paternal' genotypes for all offsprings based on offsprings genotypic data for the pedigree construction. COLONY identified five clusters (Families) based on the maternal and three clusters based on the paternal genotypes using PLS and sixteen loci. Offspring sharing the same paternal ID (#) are paternal sibs, those sharing the same maternal ID (#) are maternal sibs.
The assignment based on the paternal genotypes showed three clusters; including cluster #1 that covered offspring IDs 1-200, with the exception of offspring IDs 51, 97, and 180; cluster #2 includes offspring IDs 51 and 97; and cluster #3 includes only offspring ID 180. For the assignment based on the mother, five families were obtained: cluster #4 included offspring IDs 1-50 along with offspring ID 74; cluster #5 included only offspring IDs 51 and 97; cluster #6 included offspring IDs 52-100, excluding offspring IDs 74 and 97; cluster #7 includes offspring IDs 101-150; and cluster #8 included offspring IDs 151-200. Offspring ID 74, which was a control offspring for illegitimacy, was correctly assigned to Family #4. However, the result from the FL analysis yields much worse pedigree configuration than PLS and gave more than five clusters when based on maternal genotypes.
Three illegitimate offspring (individual ID 51, 97 from Family-2 and 180 from Family-4) were found from half-sib dyad output and the best configuration (Figs. 3, 4 controlled crosses. When we put individual ID 74 as a control for contamination, COLONY assigned it correctly to Family-1. We detected more than two sets of individuals with identical multilocus genotypes when we added one locus at a time to the fingerprint until thirteen loci, but from fourteen loci only one set of identical genotypes was indicated, ID 24 and ID74 which were our controls. The illegitimacy percentage in Family-2 was estimated at 4 % while it was 2 % in Family-4 and zero in Family-1 and Family-3 giving an average value of 1.5 % across all four families. Based on gel documentation and binning of all the loci typed in this study, thirty loci (42.8 %) from the total of 70 loci typed (Table 2 , except mEgCIR0408, mEgCIR2595 and mEgCIR3543) detected all illegitimate palms, thirtyfive (50 %) loci just detect one or two, five loci (7.2 %) did not find any illegitimacy. Now we can classify the microsatellite loci based on illegitimacy detection to three types as being very informative, informative and not informative, within this specific set of germplasm.
) in all
The Structure analysis results (Fig. 5 ) indicated K = 4 as best and all the illegitimate palms were also found besides assigning the control illegitimate ID 74 the same structure as Family-1 confirming the result of the COL-ONY analysis. Analyses based on one to eight inferred clusters were performed with 20 independent runs each. The value of K = 4 was chosen as it is showed the highest delta (K) in Fig. 6 as suggested by [16] . In addition, admixed (illegitimate) offspring ID 51 and ID 97 were assumed to have a close relation with Family-2 whereas; admixed (illegitimate) offspring ID 180 was different from the other offspring in all the studied families.
Discussion
The LI-COR gels of all loci in the four half-sib families were investigated. The results showed that, at most of the microsatellite loci, the alleles of the supposed parents of the four half-sib families were not found in the offspring. The manual scoring results showed that the parental samples given to us by the plant breeders were not the correct parents. This could be due to wrong tagging of the selected parental palms (male and female parents) during the controlled crossing process or error due to the wrong sampling of the parental palm leaves by the breeder for this study. Based on these results the legitimate and illegitimate offspring could not be distinguished from each other directly because no true parent was available for checks of parental bands (alleles). Therefore, statistical parental analysis was conducted for testing all parents and offspring in this study.
Parental and sibship assignments were successfully conducted using the CERVUS and COLONY software due to the availability of data based on a sufficient number of microsatellite markers with high PIC and the low level of the null allele frequencies as confirmed by previous work [17] . CERVUS simulation results show that five loci are sufficient for parental allocation, and the negative LOD score obtained from parental assignment (CERVUS) revealed that these candidate parents are not true parents. The CERVUS software is good only for parental assignment and illegitimacy detection when the true parents are available, but it is not useful for illegitimacy detection in the absence of the assigned parents as in this study. Therefore, the COLONY program was used for sibship assignment and illegitimacy testing. The results of half-sib dyad and the best configuration output from COLONY showed that 16 loci were sufficient for 100 % accurate family assignment. Similar results were reported for family assignments by using microsatellite markers in both Acinonyx jubatus (Cheetah) and human [18] .
Sufficient genotypic data and allelic combinations in each family allowed the inference of possible relatives among individuals by using the COLONY software without parental genotypes. The discrepancy in the results of the FL for the best configuration and half-sib dyad could be due to the fact that our half-sib families were closely related to each other, and our family sizes are larger when compared to human half-sib used in Wang's work [18] . Another reason is that PLS depends on a pair of individuals for sibship reconstruction, which is more ideal for half-sib assignment than FL. Also, genotyping error rates are important for the accuracy of parental assignment [17] as evidenced by the fact that when we conducted different runs of COLONY with increasing error rates, the precision of the sibship assignments also decreased. As for the mode of runs (short and long) in the COLONY software, no difference was observed, especially when 16 loci (or greater) were used. Despite the incorrect parental sample given to us by the breeders, the pedigree reconstruction and family relationships results from COLONY are most likely correct, and these results were confirmed by the STRUCTURE software as they presented almost four pure clusters (families), which is the same as the COLONY results and in 100 % agreement with the breeder's progeny group documentation Table 1 . In addition, these results confirmed that these selected microsatellite loci (Table 2 , except mEgCIR0408, mEgCIR2595 and mEgCIR3543) were very informative and suitable for sibship assignments. One-hundred percent sibship assignments, pedigree construction, and illegitimate detection were most likely achieved correctly without the use of parental genotypes in these closely related families. From the structure analysis, we inferred that illegitimate palms ID 51 and 97 most likely resulted from pollen contamination during the control cross while palm ID 180 resulted from errors during the nursery stage. Structure analysis confirm the COLONY results gives us a better understanding on where illegitimacy comes from and at which stage it happened thus confirming the accuracy of our results. In this study, the 1.5 % contamination rate found within the individual progeny of the study material can be considered excellent when compared to other studies done on different plant species around the world [19] .
Conclusion
Because of the world demand for palm oil, many organizations embark into oil palm breeding and seed production. According to Kushairi et al. [20] the dura 9 pisifera (D 9 P) hybrid seed production in 2008 was approximately 320 million seeds/year in the world. Therefore, quality control processes in oil palm are needed now more than previously, and a molecular marker based process is the best choice as it has the potential to reveal genotypes inconsistent with pedigree expectations and the number of genetic markers analyzed can be increased until the probability of non-discovery of illegitimacy is extremely low.
In conclusion, the following important findings satisfied most of the goals of this study. The CERVUS software confirmed that these selected microsatellites loci are very informative and suitable for parentage analysis in the oil palm. Furthermore, the parental palms stated by the breeders in this study are not the true parents as revealed by manual scoring of the microsatellite loci gel patterns and confirmed by the use of the CERVUS software. The COLONY software most likely correctly assigned and reconstructed the pedigree for all four half-sib families without the need for the parental genotypes. These results were confirmed by the breeders' progeny documentation. In addition, the COLONY analysis detected all the illegitimate palms (offsprings ID 51, ID 97, and ID 180 which constituted 1.5 % of the offsprings) in the four families. The STRUCTURE software confirmed the results of COLONY and identified the illegitimacy source for the admixed offsprings. Hence, the next step will be identifying the real parents of these families and Corely [1] had suggested that with the availability of polymorphic markers the task will be much easier. Our investigation at the molecular level provides a better understanding of the major problem of illegitimacy in oil palm breeding. The uses of molecular markers will significantly contribute to improved oil palm breeding management and seed production. These markers and computational based procedures had been applied successfully and answered many questions regarding illegitimacy using four test case progeny groups. We recommend using the PLS method for half-sib allocation and using these thirty microsatellite markers (very informative) for illegitimacy testing.
